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Laue Langevin, Grenoble, FranceABSTRACT Large-scale domain motions of enzymes are often essential for their biological function. Phosphoglycerate kinase
has a wide open domain structure with a hinge near the active center between the two domains. Applying neutron spin echo
spectroscopy and small-angle neutron scattering we have investigated the internal domain dynamics. Structural analysis reveals
that the holoprotein in solution seems to be more compact compared to the crystal structure but would not allow the functionally
important phosphoryl transfer between the substrates if the protein were static. Brownian large-scale domain fluctuation
dynamics on a timescale of 50 ns was revealed by neutron spin echo spectroscopy. The dynamics observed was compared
to the displacement patterns of low-frequency normal modes. The displacements along the normal-mode coordinates describe
our experimental results reasonably well. In particular, the domain movements facilitate a close encounter of the key residues in
the active center to build the active configuration. The observed dynamics shows that the protein has the flexibility to allow
fluctuations and displacements that seem to enable the function of the protein. Moreover, the presence of the substrates
increases the rigidity, which is deduced from a faster dynamics with smaller amplitude.INTRODUCTIONProteins, and in particular multidomain proteins, share
a structural complexity that is also reflected in a complex
dynamical behavior. A complete understanding of these
biomolecules is possible only if we know the three-dimen-
sional structures and their dynamical properties. Beside
rather unspecific and fast stochastic local fluctuations on
the picosecond timescale, large-scale rearrangements and
movements of domains relative to each other have been
investigated with various experimental and theoretical tech-
niques (1–4), in particular for larger proteins with two or
more domains. These domain movements often are directly
related to numerous protein functions. The experimental
elucidation of such motions is therefore an important
element for our understanding of the underlying functional
mechanisms. Examples are the locking domain motion of
hexokinase (5), the lid motion of adenylate kinase (6), or
the cleft opening motion of alcohol dehydrogenase (7).
Furthermore, large-scale motions facilitate the transfer of
atomic groups and increase the specificity of transfer
reactions (8).
The goal of this study is to directly observe these domain
motions, measure their correlation times and the associated
molecular distortion, including its amplitude. Neutron spin
echo spectroscopy (NSE) has demonstrated the ability to
measure internal motions in proteins (7,9,10). Here, we
employ NSE to characterize domain movements in phos-
phoglycerate kinase (PGK), which folds into two distinct
domains. PGK is an enzyme that is involved in the glyco-Submitted March 1, 2010, and accepted for publication August 10, 2010.
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0006-3495/10/10/2309/9 $2.00lytic pathway and catalyzes a reversible conversion of 1,3-
bisphosphoglycerate to 3-phosphoglycerate (3PG) during
synthesis of ATP from ADP (11). Crystal structure analysis
revealed that PGK is composed of two widely separated
domains connected by a hinge region (12–16). As shown
in Fig. 1, the binding sites for ATP and 3PG are located at
the C-terminal and N-terminal domains, respectively (15).
In the open configuration of yeast PGK with bound
substrates, the distance between the two substrate-binding
sites was found to be ~11 A˚ (14). In this configuration,
hydrolysis of ATP predominates instead of phosphoryl
group transfer, which would produce ATP. The hypothesis
of a substrate-induced configuration change, which is trig-
gered by a hinge-bending motion, was first proposed by
Banks et al. (13). With a hinge-bending motion, the two
domains could bring the two substrates close enough
together and position both substrates in the reactive
configuration within the catalytic center. In addition, the
surrounding hydration water has to be removed to ensure
proper catalytic reactivity. Evidence for a hinge-bending
motion was obtained from a comparison of unliganded
horse PGK with PGK from Trypanosoma brucei with
Mg-ADP and 3PG substrates bound (16) and from normal-
mode analysis (NMA) (17). The ternary complex of
T. brucei PGK displays a 32 hinge closure compared to
the open configuration of unliganded horse PGK. To date,
the crystal structure of an open and closed form for the
same species has not been reported to our knowledge.
Compared to crystal structure investigations, a study of
PGK in solution provides an opportunity to observe the
configurational change induced by the bound substrates
under more in-vivo-like conditions. PGK in solution hasdoi: 10.1016/j.bpj.2010.08.017
FIGURE 1 Image of the ternary 3PG-MgATP complex of yeast PGK
(PDB code 3pgk) showing the N- and C-terminal domains (red and blue,
respectively) and the hinge region (yellow). The spheres are 3PG in the
N-terminal domain and ATP (with Mg in gray) in the C-terminal domain.
The blue and the red spheres in the C- and N-terminal domains, respec-
tively, are Ser-290 and Gln-135, respectively. The longest spatial extension
(along the horizontal axis) of the PGK structure is ~8 nm.
2310 Inoue et al.thus far been investigated by small-angle x-ray scattering
(18,19), small-angle neutron scattering (SANS) (20,21)
and fluorescence resonance energy transfer (FRET) (22).
These studies indicate that substrate binding induces more
compact configurations, which is related to a hinge-bending.
It is common for conformational changes in large
complexes or hinge-bending between domains to be
modeled using NMA (23,24,17). The lowest-frequency
normal modes are well reproduced by simpler elastic
NMA (25), which assumes pure elastic forces, neglecting
the details of structure and atomic interactions. Due to
a strong solvent damping, the timescale of the large-scale
normal modes is dramatically slowed down (24) compared
to the eigenfrequencies (uk) of NMA, e.g., 1/ukz10–30 ps
for the lowest three normal modes in PGK calculated
without solvent (25). Nevertheless, the obtained eigenvec-
tors can be used as a base set to describe intramolecular
displacements in a properly organized way for the purpose
of comparing them with the observed effects of the motional
pattern of conformational changes, even if a proper charac-
terization of the related timescales is missing. The NMA
yields soft large-scale domain motion patterns in terms of
a few first eigenvectors.
In this article, we focus on the direct observation of large-
domain dynamics with and without bound substrates and on
the structural changes induced by substrate binding in solu-
tion. SANS and NSE (26) together reveal information about
the characteristic length- and timescales of protein motions.
A configurational change due to substrate binding is made
evident by SANS measurements, showing thereby that
solution and crystal structure are somewhat different.
The collective dynamics is observed by NSE. To separate
the internal dynamics from rigid body motions, we first
describe the diffusional dynamics, including interaction
effects between proteins in solution, and develop afterwardBiophysical Journal 99(7) 2309–2317a model to describe the additional internal contributions of
internal (domain) motions to the dynamics. NSE led to an
observation of hinge motions in space and time that are
interpreted by means of NMA. The amplitude and direction
of motions are large enough to facilitate a functional
configuration. The functional importance of the observed
dynamics for catalysis is discussed.MATERIALS AND METHODS
See the Supporting Material.RESULTS AND DISCUSSION
Structure
The scattering intensity I(Q) ofN (sufficiently close to spher-
ical symmetric) scatterers is given by I(Q) ~ NS(Q)F(Q).
S(Q) is the structure factor representing direct interactions
and depends on concentration. F(Q) ¼ <Si,jbibjexp(iQ(ri 
rj))> is the orientationally averaged concentration-indepen-
dent form factor. Both depend on the scattering vector Q
and the internal configuration of atoms at position ri with
scattering lengths bi. Fig. 2 shows the scattering intensity,
I(Q), from PGK with (PGKsub) and without (PGK) bound
substrate as measured by SANS for different concentrations.
Fig. 2 a shows a log-log plot of PGK for different concentra-
tions to give a general overview about the scattering,
including the buffer scattering, which was subtracted from
the protein solution scattering. The concentration-scaled
scattering intensity I(Q)/c agreeswell over thewholeQ range
except the low-Q region, where the influence of the structure
factor is visible. In the high-Q region (Fig. 2 b), the good
quality of the scaling behavior is evidence of a proper back-
ground correction. From the scatter of data points at largest
Q, the error of the background correction can be estimated
to be <0.001 cm1. The form factor of the protein can be
extracted by extrapolating the concentration-dependent scat-
tered intensity, I(Q,c), to c ¼ 0 for each individual Q. The
ratio I(Q,c)/cI(Q,c ¼ 0) ¼ S(Q,c) can be used to estimate
the structure factor S(Q,c) for PGK at higher concentrations,
c, under the assumption that S(Q,c ¼ 0)y 1. Fig. 2 d shows
the structure factor thus obtained for PGK and PGKsub at 5%
w/v. SPGK(Q) could be well described by the Percus-Yevick
model, indicating mainly short-range interactions (27).
SPGKsub(Q) seems to be modified due to the influence of the
large number of substrate molecules in the solution. For
further evaluation, the experimentally determined structure
factors are used.
In addition to a decrease of the experimental radius of
gyration (Rg) from 23.7 (50.1) A˚ to 22.5 (50.1) A˚ upon
substrate binding, we observe a clear difference between
the scattering curves of PGK with and without substrates.
This difference is clearly visible in a Kratky plot (Fig 2 c)
for the protein form factors. The blue line displays predic-
tions based on the crystal structure of PGK (PDB code
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FIGURE 2 (a) SANS scattering intensity, I(Q), for various concentra-
tions of PGK (i.e., without substrate) after background correction and for
the buffer solution. (b) I(Q) scaled by concentration to a concentration of
1%, (I(Q)c(1%)/c) in the high Q region for PGK. The error of the back-
ground subtraction is <0.001 cm1 for this concentration. (c) I(Q) from
PGK and PGKsub extrapolated to a concentration of c ¼ 0 in a Kratky
plot, with calculated form factors (solid lines). The red and black lines
were calculated by adding normal-mode displacements to the original
crystal structure coordinates. The blue line represents modeling using the
protein conformation given by the crystal structure. (d) Structure factors
extracted from the 5% concentration of PGK and PGKsub.
Large Domain Fluctuations Enable Function 23113pgk, Rg ¼ 23.9 A˚). For both states, the large deviations
from the crystal structure prediction observed in the high-
Q region are about three times larger than the expected
error due to the background correction. At intermediate Q,
we observe lower scattering compared to the crystal struc-
ture. The background correction has only a very small
influence on the data (compare Fig 2 d) and cannot explain
the observed deviations. It seems that due to geometrical
restrictions or protein interactions, the crystal structure
deviates visibly from that of the protein in solution. Further-
more, large-amplitude hinge motions could affect the
ensemble average over the structure as obtained from static
measurements.
In a first-order approach, we modified the crystal structure
in terms of displacement templates along soft normal
modes, which were calculated using an elastic network
model based on the crystal structure (28). The trivial modes
are translation and rotation modes 1–6. The eigenvectors of
the higher modes denote directions of motion for each atom
within the protein. An inspection of the eigenvectors showsthat normal mode 7 turns out to be a combination of a torsion
and hinge motion of the N-terminal against the C-terminal
domain, with the torsion axis through the hinge region along
the connection line between both domains. Normal mode 8
is a hinge motion closing the cleft between both domains.
Normal mode 9 is a rocking motion around the hinge region,
with the axis going through the cleft and perpendicular to
the movement of mode 8. Together, these three normal
modes yield a base set to describe the simplest relative
motions between two domains connected by a hinge. Small
changes of the elastic network model, as well as the use of
another normal mode model, change details of the normal
modes but do not change the character of the slowest normal
modes. Here, we use normal modes 7–9 as a pragmatic
choice to describe possible large-scale configurational
changes between the main domains. Additional local config-
urational changes are not described by these modes but
would be obtained by including higher-order modes, which
we neglect in this work. Using the crystal structure as a start-
ing point, we modify the structure by the normal-mode
eigenvectors with different amplitude and use a least-square
fitting routine to determine the best description of the SANS
form factor. The resulting computed scattering intensities
are represented in Fig. 2 c (red and black solid lines) and
describe the data quite well. The PGK form factor seems
to be most strongly influenced by a mode 9 displacement
that opens the cleft a bit compared to the crystal structure
(mean atomic displacements of 1.4 A˚, 0.3 A˚, and 2.2 A˚
for modes 7–9, respectively; errors ~0.7 A˚). The change to
the substrate-bound PGKsub is mainly due to mode 8
displacements that close the cleft again (0.6 A˚, 3.4 A˚,
and 0.3 A˚ for modes 7–9, respectively; errors z0.8 A˚).
Rg, determined by a Guinier fit on the calculated form factor
(RgPGK ¼ 23.5 A˚ and RgPGKsub ¼ 22.9 A˚) yields a decrease
of Rg upon substrate binding, but the reduction of the
experimentally determined Rg is still underestimated. Note
that Rg is only a rough indicator of configurational changes;
important configurational changes are possible without
changing Rg.Diffusional dynamics
The diffusional dynamics of a single flexible protein in
solution is a combination of different dynamic processes
on different time- and lengthscales. At infinite dilution, we
observe the self-diffusion of a single protein. Measurements
on the largest length- (here, smallQ) and timescales observe
simple translational diffusion, where the shape of the protein
is not resolved. If the lengthscale reaches the size of
the protein, deviations from spherical symmetry become
important and make the change in orientation due to
rotational diffusion visible. Large-scale internal dynamics
of complete domains certainly acts on the same lengthscale
as rotational diffusion, but changes the shape of the protein.
However, the timescale can be different and depend on theBiophysical Journal 99(7) 2309–2317
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FIGURE 3 Semilogarithmic plot of I(Q, t)/I(Q, t ¼ 0) for selected Q
values (PGK, black and red; PGKsub, green; green and black data are
shifted by factors of 0.5 and 2, respectively, for clarity). Results of fitting
to Eq. 2 are shown as solid lines in colors corresponding to those of the
data points. Dashed lines in colors corresponding to data points represent
the initial slope extrapolated to long times. The blue and black dashed lines
represent the long-time limit extrapolated to t ¼ 0. The long-time limit
corresponds to rigid-body diffusion including interparticle effects.
2312 Inoue et al.protein structure and on internal interactions. At even
shorter length - and timescales also, the dynamics of loops,
amino acids, side chains, and other atom groups can be
observed. On the other hand, a good-quality measurement
is only possible if we have a concentration above the
extreme dilution limit for single proteins. At sizeable
concentrations, interactions between the proteins cannot
be neglected. We have to discriminate between direct inter-
action, due to hard core repulsion or Coulomb interactions,
for example, and solvent-mediated interactions, both of
which change the single-particle diffusion dependent on
the distance to next neighbors (29–31). Techniques like
dynamic light scattering (DLS) and NSE at small angles
measure the collective dynamics of an ensemble of proteins;
the scattering signal includes the interference between the
individual contributions (coherent scattering). A character-
istic time for changes within the ensemble is the time
a protein with size a and translational diffusion constant
D0 needs to diffuse over a length of its own size, tl ¼ a2/
D0 (32). Whereas NSE measures, typically at smaller times,
the short-time collective diffusion, DLS measures, in our
case for much longer times, the long-time collective diffu-
sion. In low concentrated solutions, both are usually the
same within experimental error (32).
To obtain an independent measure of the translational
diffusion at large lengthscales, we employed DLS. The
intensity correlation functions from PGK and PGKsub
were well fitted with a single exponential. To eliminate
effects due to small contaminants or larger aggregates we
used a CONTIN analysis (33). We found no smaller-size
contaminants or oligomers and only insignificant amounts
of larger aggregates. The obtained DDLS value was 40 5
0.8 mm2 s1, with no observable concentration dependence
and no dependence on the presence or absence of substrates
(see Supporting Material), a finding in good agreement with
previous results measured in H2O (34).
To study the dynamics on the length- and timescale of the
protein motions, we used NSE. The background was
measured independently with the D2O buffer and subtracted
from the protein solution measurements (see Supporting
Material). Representative Q values are plotted in Fig. 3.
For the lower Q values, we find a single-exponential line
shape, as expected for simple diffusion. However, with
increasing Q, the shape deviates from being a single expo-
nential. For PGK at Q ¼ 0.096 A˚1, we find an increased
initial slope (red dashed line), indicating at least one addi-
tional relaxation component on top of the long-time limit
of the rigid body translational and rotational diffusion
(blue dashed line, including interparticle effects). Extrapo-
lating the long-time diffusional contribution to t ¼ 0, we
find an amplitude of (1–0.21). The additional amplitude of
0.21 in the initial slope is attributed to internal dynamics.
The same is observed for PGKsub at Q ¼ 0.11 A˚1, but
with a shorter additional relaxation time and a smaller
amplitude. Toward the highest Q value, the decompositionBiophysical Journal 99(7) 2309–2317becomes less obvious, because the diffusional relaxation
rate approaches or surpasses that of the additional dynamics.
In any case, the accumulated effect of all contributing relax-
ations determines the initial slope for t / 0 and thus the
initial decay rate. As we have a clear nonexponential decay,
a single-exponential fit will always result in a reduced value
compared to the initial decay rate. We can extract the initial
slope by a cumulant analysis with I(Q,t)/I(Q,t ¼ 0) ¼ exp
(K1t þ 1/2K2t2) with the initial decay rate K1 ¼ Q2Deff.
In the limit for small times, t/ 0,K1/Q2¼Deff represents
the effective initial diffusion rate constant, Deff. For small
second-cumulant values, K2 (less than the statistical error),
we fixed K2 at zero and performed a single-exponential fit.
Fig. 4 a shows the resulting Q dependence of the effective
diffusion constant, Deff(Q), for 5% PGK and 5% PGKsub
and for 1% PGK. Extrapolation of Deff(Q) for the 5% solu-
tion to low Q matches the DDLS results.
At finite concentrations interparticle interactions cannot
be neglected and the collective translational diffusion coef-
ficient is DT(Q) ¼ DT0HT(Q)/S(Q), where HT(Q) is the
hydrodynamic function representing hydrodynamic inter-
particle interactions mediated by the solvent and the
structure factor, S(Q), representing the direct interactions
(29,30,31,32,35). DT0 is the Q-independent single-particle
translational diffusion. The hydrodynamics influences also
the rotational diffusion, DR, but is independent from Q by
DR ¼ DR0HR, with the single-particle rotational diffusion
constant DR0 (36). We correct the experimental data with
S(Q), HT(Q), and HR to result in the single-particle diffu-
sion, D0(Q).
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FIGURE 4 (a) Q dependence of the effective diffusion constant, Deff(Q),
from 5% PGK, 5% PGKsub, and 1% PGK, and the DLS result (40 5
0.8 mm2/s). (b) Same as a, but corrected for the effect of the structure factor,
S(Q). DDLS is corrected by extrapolating S(Q) to Q ¼ 0. (c) Q dependence
of single-particle diffusion, Deff(Q), for 5% PGK, 5% PGKsub, and 1%
PGK after correction by S(Q), HT, and HR (see text for details). DDLS is
corrected in the same way as the corresponding 5% S(Q). The rigid-body
diffusion, D0(Q), of PGK as calculated by Eq. 1 is shown as a solid line,
with DT0 ¼ 39.4 mm2/s and DR0 ¼ 2.9  106 s1.
Large Domain Fluctuations Enable Function 2313Fig. 4 b shows the experimental data after correction with
S(Q) only, which was extracted from the SANS results. To
correct the 5% DLS result in an equivalent way, we use
the Q ¼ 0 extrapolated structure factor S(0) (PGK: 0.72;
PGKsub: 0.75). The resulting DLS diffusion coefficient
agrees well with its NSE counterpart at low Q. However,
the absolute value is significantly below the concentration-
independent DDLS result. Thus, from an experimental view-
point, the main effect of HT(Q) appears to be a general
decrease of the translational diffusion compared to DDLS
(see Supporting Material). We find HT5% ¼ 0.74 for PGK
and PGKsub, respectively, and HT1% ¼ 0.81 to match the
single-protein diffusion, DDLS, at low Q values. Accord-
ingly, we correct the Q-independent translational diffusion
contribution with these values under the assumption that
any additional contribution at larger Q above the low-Q
limit relates to rotational diffusion and internal dynamics.
Immediately after this HT/S(Q) correction, we find a
joint master curve for different concentrations at high Q
(Fig. 4 c). Assuming the same correction for internal
dynamics as for rotational diffusion, this suggests HR ¼ 1
as a concentration-independent factor, which is consistentwith a weaker coupling of hydrodynamics to rotational
diffusion (35,36)
To interpret the resulting single-protein diffusion, we
need to describe the expected diffusion coefficient for
a nonspherical rigid particle at finite dilution. We consider
the Brownian dynamics of a rigid body in a viscous
fluid. The observable single-protein diffusion D0(Q) at
infinite dilution for a neutron scattering experiment is given
by (7)
D0ðQÞ ¼ 1
Q2FðQÞ
X
j;k

bjexp
iQrj Q
Q  rj

D

Q
Q  rk

bkexpðiQrkÞ

;
(1)
with the 6  6 diffusion tensor, D, comprising translational
and rotational contributions of the rigid protein. (See, e.g.,
Eq. B3 in Montgomery and Berne (37), restricted to a single
rigid body, and insert it into Eq. 17 of Akcasu and Gurol
(38), with the density r(RN)¼ Sjbjexp(iQRj) (Eq. 8) to yield
the expression for D0(Q).)
By evaluating the hydrodynamic friction of an equiva-
lently shaped object, D can be calculated by the computer
code HYDROPRO (39) for a given protein structure. At
large lengthscales (small Q) the rigid body is seen as a
shapeless, quasipointlike object showing only the constant
translational diffusion contribution, DT0, as observed by
DLS at infinite dilution (see Fig. 4 c at low Q). The addi-
tional contribution from rotational diffusion leads to an
increase in the effective rigid-body diffusion D0(Q), which
is observed if the investigated lengthscale (~2p/Q) is
smaller than a length typical for the deviation of the protein
shape from spherical symmetry. The resulting D0(Q) is
shown in Fig. 4 c (solid line).
Although at low Q the measured effective diffusion
coefficients meets the translational diffusion, beyond
Q ¼ 0.09 A˚1 we find significantly faster diffusion in
the initial slope than expected for the rigid-body protein
motion (Fig. 4 c). The additional relaxation contribution
is smaller for PGKsub than for PGK. Inspection of the
measured intermediate scattering function for Q values
with additional diffusion reveals a nonexponential relaxa-
tion with excess dynamics at short times (Fig. 3). The
excess dynamics observed in the initial slope analysis and
in the nonexponential relaxation is attributed to internal
dynamics.Internal dynamics
The observed excess dynamics has to be attributed to the
large-scale internal motion of PGK. To be able to extract
these internal dynamics from the original NSE data, we
describe the rigid-body part of the motion using the decom-
position of rotational diffusion into spherical harmonics byBiophysical Journal 99(7) 2309–2317
2314 Inoue et al.Lindsay et al. (40) with scalar translational and rotational
diffusion constants, Dt and Dr, of the rigid protein to
describe the diffusion contribution. To effectively average
over the anisotropy of PGK, Dt and Dr are determined
such that the initial slope of Eq. 2 yields values that match
D0(Q) of Eq. 1. Both are also corrected for interactions as
described by S(Q), HT and HR. The internal dynamics is
described by an additional exponential decay with rate
constant G. The internal dynamics contributes a Q-depen-
dent fraction, A(Q), to the total amplitude, whereas the
rigid-body contribution is 1  A(Q) resulting inIðQ; tÞ
IðQ; t ¼ 0Þ ¼ ½ð1 AðQÞÞ þ AðQÞexpðGtÞexp

 Q2Dt HT
SðQÞt
 XN
l¼ 0
SlðQÞexpð  lðl þ 1ÞDrHRtÞ
!,XN
l¼ 0
SlðQÞ
with SlðQÞ ¼
P
m
P
i
bijlðQriÞYl;mðUiÞ
2 ;
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FIGURE 5 Q dependence of the internal dynamics contribution, A(Q), to
the NSE signal from 5% PGK and 5% PGKsub, compared to the calculation
based on Eq. 4. (Inset) CalculatedQ dependence of bPaðQÞ of modes 7–9 for
PGK (blue) and PGKsub (red).where Sl(Q) are the terms of a multipole expansion with
scattering length bi of atom i at position ri and orientation
Ui, jl(Qr) are the spherical Bessel functions and Yl,m the
spherical harmonics. We note that the approximation of
isotropic rotational diffusion causes errors of at most 2%
compared to the more correct anisotropic case. Compared
to Eq. 1 this treatment has the advantage that instead of
the initial slope only, here the full nonexponential decay
due to rotational and translational diffusion is described. If
there exists one dominant motion for the internal dynamics,
one characteristic time constant should be observed regard-
less of Q; hence, we used one G value for all Q values and
focused on the Q dependence of the internal dynamics
contribution, A(Q). The data were fitted by a multivariable
Levenberg-Marquardt fit algorithm simultaneously for all
Q with Ai ¼ A(Qi), where I ¼ 1.15 and G as parameters.
From a fit of the high-quality NSE data measured at
a 5% concentration to Eq. 2, relaxation times (G1) of
62 5 16 ns and 31 5 8 ns were obtained for PGK and
for PGKsub, respectively. Fig. 3 shows exemplary fit results
as solid lines with the corresponding data.
The Q dependence of A(Q) is displayed in Fig. 5. Since at
low Q the internal motions do not contribute to the visible
dynamics, we observe only the translational and rotational
diffusion contribution. When Q is increased to Q ~
0.13 ,A˚1, a clear increase of A(Q) is observed for both
configurations, followed by a small plateau above Q ~
0.13 A˚1. Substrate binding shortens the relaxation time
and reduces A(Q) by a factor of 3.
To grasp the nature of the internal dynamics, we use the
normal modes 7–9, alluded to in the previous section as
a heuristic test displacement pattern choice for possible
large domain movements to study the influence on the inter-
mediate scattering function.Biophysical Journal 99(7) 2309–2317In a first-order approximation for small displacements the
scattering intensity, including the effect of overdamped
normal modes, can be approximated by (41)
IðQ; tÞfIðQÞ þ P
a
aae
la tPaðQÞ
PaðQÞ ¼
*PN
k;l
bkblexpðiQðrk  rlÞÞ

Qeak

Qeal
+ ; (3)
where I(Q) is the elastic form factor, aa is the corresponding
mode amplitude squared, ea is the eigenvector of mode a,and la is the relaxation rate of the overdamped mode. For
harmonic eigenmodes, we would have aa ¼ kBT=mu2a ¼
kBT=fa, with average mass m, eigenfrequency ua, and
restoring force constant fa. On the other hand, la ¼ fa=za
is proportional to the ratio between force constant and fric-
tion coefficient. Analyzing the initial slope al ¼ kBT/z
yields a result that solely depends on the friction. To address
force and amplitude, a full fit of the NSE data with Eq. 2 is
required. From the rate G and amplitude function A(Q) thus
obtained, the friction and force constant of the dominant
mode(s) may be inferred.
For a combination of modes, we rely on the equipartition
and weight the eigenmodes such that the same elastic energy
for each mode is obtained with the same value of a scaled
amplitude a. Within the force model of the NMA, this is
FIGURE 6 (Upper) Relative positions of Arg-38 (red spheres), Gly-371
(blue spheres), and Gly-394 (yellow spheres) in the crystal structure. ATP,
3PG, and Mg are shown as light gray, gray, and dark gray spheres, respec-
tively. The 3-PG molecule was positioned by hand. The schematic views of
relative motional patterns of Arg-38 related to the lowest normal modes are
indicated (arrows).(Lower) Amplitude dependence of interresidue distance
between the second nitrogen atom of the Arg-38 guanidine group and the
amide nitrogen of Gly-371 for modes 7–9. For a zero amplitude, we find
the static distance of 11.8 A˚ in the crystal configuration. Note that
ﬃﬃﬃﬃﬃ
aa
p
eai
(jeiajz1=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Natom
p
, where Natom is the number of atoms in the protein)
describes the actual atomic displacements. The amplitude of the normal
mode is described by the mean atomic displacement.
Large Domain Fluctuations Enable Function 2315achieved by using the ratio of their squared hypothetical
eigenfrequency and the lowest eigenfrequency, u27.
Consequently, we fit only a general amplitude factor a,
yieldingaa ¼ au27=u2a. The displacement of atom i from
its nominal position is a
1=2
a eai . As a measure of the amplitude
of the normal modes, we use the mean displacement
ha1=2a eai. The contribution of the normal modes to the inter-
mediate scattering function I(Q, t)/I(Q, t ¼ 0) using Eq. 3
and a common relaxation rate, l, is bPðQÞexp(lt), with
bPðQÞ ¼ X
a
aaPaðQÞ=
 
IðQÞ þ
X
a
aaPaðQÞ
!
: (4)
To compare with the outcome of the data analysis—note that
the experimentally determined amplitude function A(Q)
corresponds to bPðQÞ—here, we found it sufficient to take
the sum of the amplitude functions, bPðQÞ for the three
lowest modes with and without substrates (see Fig. 5, inset,
for the individual functions). Within the limits of error, they
relate to the softest modes of the molecule giving rise to the
largest amplitudes of motion. Therefore, we focus on these
modes in our further discussions. With ha1=2a eai ¼ 9:75A
for PGK, the resulting sum of bPðQÞ is in reasonable agree-
ment with the experimental A(Q) in Fig. 5. For PGKsub, we
find an acceptable agreement with ha1=2a eai ¼ 4:550:9A.
The internal dynamics of PGKsub is smaller in amplitude
and faster, indicating an additional contribution to the
associated force constant. The observed amplitudes of the
internal motions are in good agreement with the amplitudes
found in previous FRET results (22) (see Supporting
Material).
It is worthy of note that modes 7 and 8 give rise to a plateau
inA(Q) aboveQ~0.13 A˚1 (see Fig. 5, inset). Themonotonic
increase of the amplitude A(Q) by mode 9 could suggest
a minor influence of this mode related to a stronger influence
of modes 7 and 8, as indicated by the plateau behavior in the
measured amplitude. (Detecting such large amplitudes ques-
tions the small displacement approximation we used here. To
go further poses significant challenges. One way, for
example, could be to inspect the displacement distribution
functions for the completely correlated (t ¼ 0) and the
completely uncorrelated ðt ¼NÞ situations—the difference
would stand for the dynamic fraction A(Q). However, the
thus-computed SANS intensity deviates from the measure-
ments. We think that this inconsistency originates from the
artificial expansion of the periphery of the modeledmolecule
due to the linear extrapolation of the atomic pathways. In
reality, these pathways must be curved such that the overall
distance distributions pertaining to chemical bonds in
the protein are not changed significantly. In this way, the
SANS results relating to the instantaneous distribution func-
tion and the large dynamic fraction related to the time-depen-
dent change of pair distributions can be reconciled. A deeper
investigation will require extended simulations, a task for
future work.)Functional relevance of domain fluctuations for
catalysis
Finally, we would like to discuss the relevance of the
observed dynamics for the enzymatic activity of PGK. In
this respect, it is of particular interest whether the ampli-
tudes of thermal fluctuations, as described in terms of the
lowest normal modes, are large enough to facilitate the
phosphoryl group transfer between the two substrates. On
the basis of our results, in a linear approximation, the eval-
uation of the distance between two substrates is straightfor-
ward. However, we do not know the exact position or
orientation of the bound substrates 3PG during catalysis
(42). Therefore, instead of using the real coordination of
the two substrates, we consider residues that are in close
proximity to the reaction site during the catalytic process.
Referring to the work of Bernstein et al. (16), we select
the three residues Arg-38, Gly-371, and Gly-394, which
are involved in the reaction coordinate for yeast PGK
(Fig. 6 a). In T. brucei PGK, the transferred phosphoryl
group is stabilized in a trigonal bipyramidal configurationBiophysical Journal 99(7) 2309–2317
2316 Inoue et al.formed by the homologous residues. The stabilizing atoms
are the backbone nitrogen for Gly-376 and Gly-399 and
the second nitrogen of the guanidinium group for Arg-39,
to which we refer for the following distances. For the ternary
complex of T. brucei PGK, the distances between Arg-39
and Gly-376 and between Arg-39 and Gly-399 are 3.5 A˚
and 7.5 A˚, respectively. Furthermore, it is assumed that
these distances are related to the transition state of the cata-
lytic reaction (16).
The distances between the homologous residues of yeast
PGKsub, Arg-38 and Gly-371 and Arg-38 and Gly-394,
were evaluated from the static SANS structure with bound
substrate (PGKsub) as 8.2 A˚ and 11.7 A˚, respectively. The
respective distances obtained from PGK are 11.4 A˚ for
both distances, quite similar to the crystal structure with
11.8 A˚ and 12.7 A˚. The binding of the substrate closes the
cleft and reduces the distance of the important atoms. These
distances are much larger than the corresponding distances
in T. brucei PGK with bound substrate and would not
support the transfer of the phosphoryl group between the
two substrates in a static protein structure.
We now discuss to what extent the observed dynamics
can alter the distances between Arg-38, located in the
N-terminal domain, and Gly-371, located in the C-terminal
domain. Fig. 6 displays the distance change between the pair
of residues as a function of the mean atomic displacement,
ha1=2a eai, for modes 7–9 from the crystal structure. For mode
7, within the range of the measured fluctuation amplitude,
the relevant distance tends to decrease and approaches
a distance of <6 A˚. We note that for the other pair of resi-
dues, the distance decreases to<8 A˚. Taking the 2.5-A˚ reso-
lution of the T. brucei crystal structure into account, normal
mode 7 alone brings the critical residues already close to the
catalytic positions (3.5 A˚ and 7.5 A˚, respectively). Thus, our
experimental results on the domain dynamics of PGK
provide strong indications that the thermal fluctuations on
the 30-ns scale cause substrate displacements large enough
to bring the substrates into a catalytic configuration.
Here, we used a pragmatic model, taking only the lowest
modes from a NMA as a base set to describe the displace-
ments associated with large-scale motions between two
domains connected by a hinge. These modes also change
the positions of the residues in the active center. However,
plain addition of atomic displacements of the normal modes
on linear pathways neglects constraints due to bond length
and atomic excluded volumes that must lead to curvilinear
motions when amplitudes are large. The amplitudes found
in this investigation are marginal in that sense. However,
complete details of these configurational changes would
require molecular dynamics simulations, which are beyond
the scope of our work. Nevertheless, our model calculations
on structure and dynamics could verify that the observed
configurational changes in the SANS measurements and
the amplitudes of the internal dynamics found in the NSE
measurements are compatible with structural changes andBiophysical Journal 99(7) 2309–2317large domain dynamics on the A˚ngstrom scale. The NSE
measurements here give the unique ability to access the
timescale of these motions.
The internal dynamics revealed by NSE is much faster
than the timescale for the turnover of yeast PGK (kcat z
350 s1) (43), demonstrating that the relaxation time found
is not directly rate-determining. In the Arrhenius picture, the
rate of 1/30 ns has the role of a collision frequency, which is
only one factor of the reaction rate. The other is the Boltz-
mann factor of the reaction barrier. With any other factors
neglected, this would yield a barrier height of 6.8 kcal/mol,
a value well within the range for simple hydrogen transfer
reactions (44). The overall rate also depends on the kinetics
of protein substrate association/dissociation; here, in addi-
tion, the domain fluctuation may help to open the access
to the binding sites. The somehow static model proposed
from the structure of T. brucei PGK (16) and other crystal
structures suggests that binding of both substrates results
in a transition state defined as a configurational change
that anchors the hinge in a closed conformation (16,43).
Our results show that we have large-scale motions that reach
a closed conformation as the result of fluctuations around an
open average configuration. This suggests a more dynamic
description of the catalytic process driven by the thermal
fluctuations of the domain configuration instead of a
ligand-induced rearrangement of the domains. The effect
of substrate binding is only observed in a smaller change
of the open average configuration and a significant reduction
in the fluctuation amplitude. The observed large-scale
motion therefore will critically influence the mechanism
of substrate positioning and arrangement of the active
configuration.CONCLUSIONS
In a combination of SANS and NSE experiments we demon-
strated that the approach presented is a powerful tool to study
the solution structure of PGK and its internal domain move-
ments on a nanosecond timescale. SANS measurements
showed that the protein structure in solution is slightly dis-
torted compared to the crystal structure. The solution struc-
ture of the holoprotein seems to be more compact. NSE
experiments revealed an exceptionally strong contribution
from the internal dynamics. This dynamics was interpreted
in terms of relaxations in the directions of low-frequency
normalmodes. Although the average structure does not bring
the substrates into a catalytic position, Brownian domain
fluctuations, in particular those corresponding to the pattern
of the lowest normal mode 7, lead to reactant group displace-
ments large enough to reach a reactive configuration. It has
been pointed out that a large-scale hinge motion is respon-
sible for the arrangement of the catalytic configuration.
These thermally driven equilibrium movements of the two
major domains are taking place on a timescale of 50 ns,
fast enough to ensure proper catalytic turnover rates.
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